Perturbed angular correlation (PAC) method was applied to study the martensitic phase transition of the TiPd shape memory alloy doped with In, Hf, and Zr. The hyperne interaction parameters and their concentration and temperature dependences for 111 In/ 111 Cd and 181 Hf/ 181 Ta probe atoms were determined. The inuence of ternary element additions on the electric eld gradients at Pd site was evidenced. A decrease of the martensite start temperature (MS) and an increase of the width of the hysteresis loop (TH) with an increasing concentration of the impurities in TiPd alloy was observed. These relationships are much stronger for In and Zr, than for Hf admixture.
Introduction
Shape memory alloys (SMA) are a unique class of metal alloys of very important technological applications, including mechanical actuator devices, electronics, and medical stents. The shape memory eect is related to a reversible martensitic (diusionless) phase transformation, which can be induced by applied elds, temperature, or both, as well as the mechanical properties of materials and, therefore, can be well controlled. The addition of a small amount of ternary element is one of the eective methods for changing and controlling the martensitic start temperature (M S ). The transformation exhibits hysteresis, in which the transformations on heating and on cooling do not overlap. The shape and the width (T H ) of the hysteresis loop also depend on doped atoms. In the last few decades, the Ti-based alloys have been a subject of intensive experimental and theoretical investigations. In many practical applications of SMAs, the most commonly used material is NiTi. Otsuka and Ren [1] give the extensive review of the TiNi-based alloys. Substitution of a third element for Ni or Ti has been proved to be an eective way to increase the transformation temperature [24] .
The TiPd shape memory alloys are well-known as potential materials for high temperature applications, since the intermetallic phase of TiPd undergoes a thermoelastic transformation from a simple cubic B2 structure to an orthorhombic B19 structure around 800 K [5] . The unit cell of B2 phase (space group P m3m) is characterized by one Pd site labeled 1a and one 1b Ti site, both having cubic symmetry. In the unit cell of B19 phase (space group Pmma), the Pd atoms occupy 2e sites, while the Ti atoms are situated in 2f positions [6, 7] . These sites have a lower symmetry and, therefore, for each of them one can expect the non-axially symmetric electric eld gradient (EFG). Since the martensitic transformation is a type of non-diusive structure phase transformation, * corresponding author; e-mail: Agnieszka.Kulinska@ifj.edu.pl involving a change in the shape of the unit cell together with the atomic scale displacements of atom positions in the lattice, the application of the perturbed angular correlation (PAC) method, sensitive for the changes of microstructure, is justied.
Experimental details

Sample preparation
The TiPd alloys were prepared by multiple arc melting under argon atmosphere of the proper amounts of high purity components. The nominal composition of alloy was determined by the masses of components, where a minor mass loss appearing during the melting procedure was attributed to evaporation of the most volatile element. The four sets of samples were prepared: pure without admixture, doped with hafnium, indium and zirconium admixture of dierent content. The maximum concentrations of impurity added to the compounds reached: 6.47(3) at.% Hf, 7.48(3) at.% In, and 2.33(3) at.% Zr. The pure sample and these with additional In and Zr atoms were measured using 111 In/ 111 Cd probes, while the samples with Hf using 181 Hf/ 181 Ta probes. The 111 In/ 111 Cd probes at energy of 400 keV were implanted into the slice-shaped samples at room temperature by means of the Göttingen heavy ion implanter IONAS [8] . After implantation, heat treatment at 1073 K for a few hours was applied in order to remove the irradiation damages. The 181 Hf/ 181 Ta probes were obtained by neutron irradiation of natural hafnium in the pile of the MARIA reactor at wierk at a ux of about 10 14 neutrons/(cm 2 s). The 181 Hf/ 181 Ta PAC probes were introduced by additional arc melting of the sample with a few milligrams of the radioactive hafnium. After fast cooling down in the arc oven, the samples were annealed in evacuated and sealed quartz tubes at 1273 K for 1 h to ensure the homogenization. The X-ray diraction measurements were performed at room temperature with Cu K α radiation to check the stoichiometry and crystallographic structure of the samples. The analysis of the XRD spectra conrmed formation of the low temperature orthorhombic TiPd phase with B19 structure without any admixture of the other TiPd compounds for the (936) samples up to about 7 at.% of impurity. This indicates that a small addition of ternary element does not inuence formation of the B19 single phase in the TiPd alloy.
Perturbed γγ angular correlation method
The perturbed γγ angular correlation method is one of the nuclear methods in solid state physics appropriate for studying the structural and electronic properties of probe atoms in solids. The PAC method has been reviewed extensively in the literature [9, 10] . EFG acting on the probe nuclei can be characterized by only two parameters: the asymmetry parameter η = (V xx −V yy )/V zz , which represents the deviation from the axial symmetry (0 ≤ η ≤ 1), and V zz the largest EFG component in the principal axis system, which represents the strength of the EFG. The analysis of experimental R(t) spectra was performed assuming the expression of the perturbation factor G 22 (t) [9] valid for the static electric hyperne interactions
(1) The least squares ts of the perturbation factor to the experimental data yield the fractions f i of probes exposed to dierent EFG's characterized by the quadrupole frequencies ν Qi and asymmetry parameters η i .
A broadening of EFG is described by the relative width δ i of the Lorentzian distribution around ν Qi . The various observed fractions f i of dierent PAC parameters indicate the population of non-equivalent probe sites in the lattice. The amplitudes s 2n and the functions g n (η) can be calculated according to Ref. [11] . As no texture has been evidenced in the samples, the data were tted with s 2n parameters for polycrystalline compound. The known quadrupole moment Q = 2.36(5) b for 181 Ta [12] and Q = 0.83(5) b for 111 Cd [13] were adopted in the calculation of the principal EFG component V zz according to V zz = hνQ/eQ.
The PAC measurements were carried out in the temperature range 2951073 K using the standard four NaI(Tl)-or BaF 2 -detector setups. In the temperature range where the martensitic transformation takes place the spectra were collected in a step of 510 K to ensure the determination of M S temperature with good accuracy. 3 . PAC results and discussion
Concentration dependence on the h parameters
The room temperature PAC spectra taken for the TiPd alloy with 181 Ta and 111 Cd probes can be described by the two quadrupole frequencies both with asymmetry parameters diering from zero. For the pure TiPd sample measured with
111 Cd, about 70% of the probe atoms exhibit EFG1, described by the well dened quadrupole frequency ν Q1 = 48.8(7) MHz and asymmetry parameter η x = 0.34 (1) 
181 Ta about 90% of the probe atoms exhibit EFG1, characterized by the quadrupole frequency ν Q1 = 312(2) MHz (η 1 = 0.19(1)). The rest of the probes exhibit slightly larger EFG2 (ν 2 = 354(2) MHz) with larger asymmetry parameter (η 2 = 0.59(3)) [15] . 181 Ta substituted Pd site in TiPdHf alloy do not match each other, the origin of the second EFG2 is still not clear. On the other hand, similar values of the both EFGs but the larger η parameter and larger frequency distribution δ describing the EFG2 can indicate that the corresponding probe atoms are placed in Ti-sites but with not perfect environments, disturbed by defects and/or the presence of the other impurity atoms in the probe's neighborhood.
The PAC results obtained for TiPd alloys with the various admixtures and their concentrations gave the information about the compositional dependence of the electric eld gradient acting on the probe nuclei at Ti and Pd sites. Figure 1 presents the concentration dependence of the h parameters characteristic for the EFG1 (solid symbols) and EFG2 (open symbols) in TiPd alloy with Hf, In, Zr admixture, obtained at room temperature.
As can be seen in the left part of Fig. 1 , the value of the EFG1 corresponding to the 111 Cd and 181 Ta probes substituting Ti atoms was almost independent of the admixture content. However, the signicant growth of the EFG2 was observed up to 1 at.% of indium and zirconium. The data obtained for these two admixtures can be tted according to the known empirical function ν Q (x) = r[1 − exp(−cx)] [17] . The determined parameter r reaches 1.43 and 1.3 for In and Zr, respectively, giving the ν The population of the Ti site decreased with increasing impurity concentration, reaching about 80% and 60% for the maximum content of Hf, Zr, and In, respectively. Simultaneously, the width δ of the frequency distribution increased, however only small changes in asymmetry parameter η as observed for all types of admixtures ( Fig. 1, right parts) . The variations of the frequency distributions and asymmetry parameters with the impurity content can be connected with the oversized probe atoms comparing to the constituent atoms of TiPd compound and with the additional impurity atoms or/and defects nearby the probes.
Eect of ternary addition on the M S and T H
In order to investigate the inuence of impurity and its concentration on the martensitic transformation parameters: the martensitic start temperature M S and the width of hysteresis loop T H , the series of PAC experiments were performed for TiPd alloy doped with wide range of Hf, In, and Zr admixtures. The temperature dependences of the martensite fraction obtained by the PAC are presented in Fig. 2 . Only three of ten dierent concentrations of impurity (pure, 0.18 at.% Hf and 1.04 at.% In) are plotted for the clarity of the gure. The martensitic fraction reached 100% only for x = 0.18 at.% Hf. For the higher contents of Hf as well as for other admixture the fraction is smaller due to the presence of defects and additional impurity atoms in the neighborhood of the probe atoms. As it is visible in Fig. 2 , the drastic decrease of the M S temperature with increasing impurity concentration x was observed simultaneously with increase of the width T H .
Kawamura et al. [18] reported a similar behavior, evidenced in TiAu alloy doped with various elements. A linear decrease in the M S temperature with increasing concentration (up to 3 mol.% of the impurity) was observed. In these alloys, they found almost linear relationship between the M S and e/a (electronatom ratio) values, calculated as a number of the sum of the outer s-and p-electrons. Moreover, they suggest that not only the e/a number, but also other factors must inuence the M S . Figure 3 presents the M S and T H values, obtained by PAC method as a function of the content x of the third element in TiPd alloy. The strong inuence of the admixture on the martensitic transformation is clearly visible. Although, these phenomena has been reported for several shape memory alloys [1820], its origin is still not fully understood. As can be seen in Fig. 3 , both the M S and T H concentration dependences are much stronger for In and Zr admixture than for Hf. It is noticeable that only for very low impurity concentration x the linear relationship can be observed. The results obtained for Hf and In impurities reported in Refs. [14] and [15] conrmed that the M S in TiPd depends on the e/a number as well. However, for Zr admixture this so strong relationship was not observed.
The calculated e/a number and the measured temperature M S for the samples with impurities concentration about 1 at.% are summarized in Table II . The e/a value was calculated taking into account f + d + s, d + s, and d + s + p electrons for Hf, Zr, and In admixtures, respectively. Our results supported the suggestion that many factors should be taken into account, when the eect of (2) ternary addition on the martensitic transformation is discussed. Beside the inuence of the alloy components on the M S , the residual stress, internal defects or precipitates could change the transformation parameters.
Conclusions
The high sensitivity of the PAC method allowed us to study on the microscopic scale the martensitic phase transformation in TiPd intermetallic compounds. The h parameters determined experimentally were conrmed by the ab initio calculations. The measured concentration dependence of the EFGs, showed that the electric eld gradient corresponding to the probes substituting Pd atom rise with the amount of the third element, while that corresponding to probes substituting Ti atoms did not change signicantly. The transformation parameters M S and T H were determined with high accuracy for wide concentration range of Hf, In, and Zr admixtures. The temperature M S of TiPd phase was found to decrease with increasing content of the third element, simultaneously with increase of the width T H . Moreover, the strength of these relationships depended on the type of admixture. Experimental results showed that the transformation temperature in TiPd could be tuned between 590 K and 810 K by a suitable adjustment of the ternary element content.
